To improve our understanding of properties that confer successful inhibition of chemokines in vivo, we analyzed anti-murine CXCL10 monoclonal antibodies (mAb) having different characteristics. 1B6 displayed potent inhibition of cell recruitment in vitro with an IC 50 of 0.5 nM but demonstrated little efficacy in various animal models of human disease. On the contrary, 1F11 showed efficacy in several models of inflammation yet was less potent at inhibiting chemotaxis in vitro with an IC 50 of 21 nM. Furthermore, we observed that 1B6 displayed a rapid dose-dependent clearance (t1 ⁄ 2 10 -60 h) in contrast to 1F11, which presented a dose-proportional pharmacokinetic profile and a half-life of 12 days. Moreover, 1B6 recognized glycosaminoglycan (GAG)-bound CXCL10, resulting in target-mediated clearance, which was corroborated using CXCL10-deficient mice. In contrast to 1B6, 1F11 inhibited the interaction of CXCL10 with GAGs, did not recognize GAG-bound CXCL10, and did not display target-mediated drug disposition. Confirming previous animal studies, 1B6 was poor at reversing glycemia in a model of type 1 diabetes, whereas 1F11 induced early and prolonged control of diabetes. Furthermore, when using 1A4, a subsequently generated anti-mCXCL10 mAb that shares the property with 1F11 of being unable to recognize CXCL10 immobilized on GAG, we observed a similar superior control of diabetes as compared with 1B6. We therefore concluded that targeting chemokines with antibodies such as 1B6 that recognize the more abundant GAG-bound form of the chemokine may not be the optimal strategy to achieve disease control.
In the course of acute inflammation, a massive migration of immune cells toward the site of inflammation occurs. This recruitment is essential to fight bacterial or viral infection and is mediated by chemokines, a family of small cytokines. Chemokines are chemoattractant proteins of 8 to 15 kDa, further subclassified into four families (CC, CXC, CX 3 C, and XC) (1) . Chemokines activate cells by a high affinity interaction with G protein-coupled receptors (GPCR) 2 and have a low affinity interaction with glycosaminoglycans (GAG), which is essential for activity in vivo (2) . GAGs are a family of sulfated linear polysaccharides that are expressed as proteoglycans on the surface of endothelial cells. The interaction of chemokines with GAGs is required for the formation of haptotactic gradients on cell surfaces, preventing the diffusion of chemokines from their site of production under the conditions of flow in the circulation and providing a migration cue to leukocytes (3) . In addition, this chemokine-GAG interaction has been demonstrated to play a role in chemokine oligomerization, transport across endothelia, protection from proteolytic cleavage, and modulation of the binding to chemokine receptors (2, 4 -7) .
Chemokine and chemokine receptors are up-regulated in many inflammatory diseases such as atherosclerosis, colitis, chronic obstructive pulmonary disease, psoriasis, and rheumatoid arthritis (RA). Their role is mainly to induce cellular recruitment to the inflamed organ, perpetuating the inflammatory response (8, 9) . Moreover, the chemokine system has also been demonstrated to be involved in tumor growth and metastasis, with chemokines potentially serving also as growth factors (10) . The chemokine system therefore has been pursued by pharmaceutical companies using small molecular weight compounds and, more recently, monoclonal antibodies (mAb). mAbs are highly selective molecules that allow the targeting of a single ligand or receptor without interfering with the other closely related proteins of the chemokine system (11) . In addi-tion, they have a long half-life in vivo, an interesting property in the context of chronic inflammatory diseases.
Although many antibodies targeting the chemokine system have been studied in animal models and clinical trials, only two have reached the market. Mogamulizumab (Poteligeo), a humanized mAb directed against the CC chemokine receptor 4 (CCR4), has been approved in Japan for the treatment of relapsed or refractory adult T-cell leukemia/lymphoma and is currently in late phase development in Europe and the United States (12) . Abcream (from Anogen) is a topical application of an anti-CXCL8 mAb marketed in China for psoriasis.
To date, no mAb targeting a chemokine ligand has been approved for systemic application, although several have reached clinical trials (11, 14) . However, although some preliminary results were promising, several mAbs have been discontinued due to lack of efficacy in late phase clinical trials. For example, the anti-CCL2 mAbs ABN912 (Novartis) and CNTO 888 (Centocor) did not demonstrate clinical benefit under inflammatory conditions (RA and chronic obstructive pulmonary disease) or in the treatment of solid tumors, respectively (15) (16) (17) . A similar lack of clinical efficacy was observed for the anti-CXCL8 mAb ABX-IL8 (Abgenix) in the case of RA, psoriasis, and chronic obstructive pulmonary disease and the anti-CCL11 mAb bertilimumab (Immune Pharmaceuticals) in allergic rhinitis and allergic conjunctivis (18, 19) . Regarding CXCL10, two mAbs have been tested in clinical trials, NI-0801 (Novimmune) and BMS-936557 (Bristol-Myers Squibb). Both have been reported to be safe and well tolerated in healthy volunteers (14, 20) . However, the anti-inflammatory activity of BMS-936557 in phase II clinical trials is limited (21, 22) .
Explanations such as the promiscuity of the chemokine system have been proposed for the lack of success in clinical trials (23) . Indeed, the majority of chemokines are able to bind to several chemokine receptors, and receptors can often be activated by various ligands, leading to the hypothesis that the inhibition of one single chemokine or receptor is not sufficient to observe beneficial clinical effects. However, data are currently accumulating to demonstrate that the chemokine system is not redundant in terms of signal cascades as well as in the temporal and spatial patterns of expression in vivo (24) . Recently it has been shown that the ligands for CXCR3 induce different effects. Although it has been established that CXCL10 and, to a slightly lesser extent, CXCL9 are pro-inflammatory, CXCL11 has been shown to induce the development of Tregs (regulatory T-cells) and thus is anti-inflammatory (25) . These findings support therapeutic targeting of a ligand as opposed to the promiscuous receptor, highlighting that the more appropriate question may be to find the right target for a given indication (26) . However, another factor may be the abundance of the target in the body especially during disease, as chemokines are sequestered on GAGs, and only when they formed complexes in vivo with mAbs could the true level of target be appreciated (14 -17, 27) . This recent observation suggests that higher doses of mAb will be required to adequately inhibit the activity of the target (23, 26) . Finally, as the active form of the chemokine is immobilized on GAGs, it has been proposed that a therapeutically effective mAb should bind to the GAG-bound form as well as the soluble form of the chemokine (14) .
Thus, in an attempt to better understand how to best target a chemokine to achieve a therapeutic benefit, we studied the properties of two anti-mouse (m) CXCL10 mAbs shown to have differing levels of efficacy in certain models of human disease. 1B6, a rat anti-mCXCL10 IgG displaying strong inhibitory properties in chemotaxis assays in vitro, is not very efficient in models of inflammatory diseases (data not shown). On the contrary, 1F11, a hamster anti-mCXCL10 IgG (28) , has a much lower potency in in vitro assays but is efficacious in various murine models of disease (28 -35) . We therefore further dissected the mode of action of 1B6 and 1F11 to determine whether, beyond the in vitro potency in the chemotaxis assay, additional properties might be required for a mAb to be efficacious in vivo. To extend our analysis, we also included a recently generated anti-mCXCL10 antibody, 1A4 (36) , which does not bind to chemokines in the context of GAGs, a property that we have discovered differentiates 1F11 from 1B6. The results induced us to propose a new compartment to consider targeting when attempting to neutralize chemokines in patients.
Results
Reformatting and in Vitro Characterization of 1B6 and 1F11-As 1B6 is a rat antibody and 1F11 a hamster antibody, both antibodies were reformatted onto the human IgG 1 backbone in order to exclude effects linked to isotype differences. The VH and VL domain sequences of each antibody were isolated from their respective hybridomas and subcloned into a vector encoding the constant domains of the human IgG 1 sequence. As 1A4 is a human IgG 1 , no reformatting was needed. All antibodies were expressed in HEK cells and purified using a CH1-specific affinity resin.
The reformatted antibodies named human 1B6 (h1B6) and human 1F11 (h1F11) were tested in vitro to assess the impact of the reformatting on their function. Using surface plasmon resonance and chemotaxis assays, we observed that h1B6 and h1F11 retained equivalent binding and neutralization to that of the original rat and hamster proteins, respectively (data not shown). The reformatting also allowed us to compare the antibodies using the same experimental format. Binding affinities were characterized using the biolayer interferometry (BLI) technology, and both antibodies showed affinities for mCXCL10 with dissociation constants (K D ) in the low nanomolar range, i.e. 2.6 nM for h1B6 and 6.2 nM for h1F11 ( Fig. 1, A and B, and Table 1 ). As observed with the native 1B6 and 1F11 antibodies, h1B6 was a more potent inhibitor than h1F11 in a CXCL10-induced transmigration assay using cells expressing CXCR3 ( Fig. 1C and Table 1 ). 1A4 is a human IgG 1 antibody that has an affinity and potency similar to 1B6, as indicated in Table 1 (36) .
Characterization of mCXCL10, GAG, and Antibody Interactions-The initial experiment used the GAG heparin to evaluate the ability of the antibodies to recognize GAG-bound chemokine. No binding of mCXCL10-heparin complexes to h1F11 or 1A4 was observed, whereas a robust dose-dependent response was obtained in the case of h1B6 ( Fig. 2A and supplemental Fig. S2 ). As expected, the antibodies could not bind directly to heparin in the absence of chemokine (data not shown).
To validate these results with another member of the GAG family, we used BLI to observe the binding of the mAbs to mCXCL10 bound to heparan sulfate. Biotinylated heparan sulfate was coated onto streptavidin biosensors, which were dipped into the chemokine solution and subsequently into the antibody-containing wells. We observed that h1B6 bound to mCXCL10 displayed on heparan sulfate, whereas h1F11 and 1A4 did not ( Fig. 2B ).
Finally, these findings were assessed in a system closer to the in vivo situation by using human umbilical vein endothelial cells (HUVEC), which express a complex mixture of GAGs on their surface. HUVEC were incubated with an excess of mCXCL10 FIGURE 1. In vitro characterization of chimeric anti-mCXCL10 mAbs. A, binding of mCXCL10 to h1B6 by BLI using Protein A biosensors. Increasing concentrations of NusA-mCXCL10 (46.2, 23.1, 11.5, 5.77, 2.89, and 1.44 nM) were used to determine the affinity of h1B6 for the chemokine. The experimental data are displayed as a straight line and the corresponding fitting curves as dashed lines. Based on these data, the affinity of h1B6 for mCXCL10 (K D ) is 2.60 nM. Data are representative of two independent experiments. B, binding of mCXCL10 to h1F11 by BLI. The experiment is similar to that explained in A. Based on these data, the affinity of h1F11 for mCXCLl0 (K D ) is 6.16 nM. Data are representative of two independent experiments. C, inhibition of 5 nM mCXCL10-mediated chemotaxis of L1.2/hCXCR3 transfectants by h1B6, h1F11 and 1A4. Data are presented as the mean of triplicates Ϯ S.E. and are representative of four independent experiments. and then h1B6, h1F11, 1A4 or an isotype control antibody, and the number of fluorescently labeled cells was quantified ( Fig.  2C ). Binding of h1B6 to the mCXCL10-coated HUVEC was observed, whereas no signal was obtained with h1F11, 1A4, or the control antibody. Thus, using three different experimental approaches and different types of GAGs, the results indicate that only h1B6 binds to mCXCL10 immobilized on GAGs, whereas neither h1F11 nor 1A4 interact with GAG-bound CXCL10. FIGURE 2. Recognition of GAG-bound mCXCL10 by h1B6 but not by h1F11 or 1A4. Experimental setups are represented schematically on the right: GAG, black curved lines; mCXCL10, red circles. A, ELISA measuring the binding of mCXCL10-heparin complexes to immobilized antibodies. Data are presented as the mean Ϯ S.E. of triplicates and are representative of three independent experiments. B, binding of antibodies to heparan sulfate displayed mCXCL10. Streptavidin biosensors coated with biotinylated heparan sulfate were dipped into wells containing 100 nM mCXCL10 for 5 min. Dissociation was then recorded for 7 min before the biosensors were transferred to wells containing 1 g/ml antibody (5 min, association). Data are representative of two independent experiments. C, mCXCL10 was coated on adherent HUVEC. Following the washes, the testing antibody, as well as the detection buffer, was added on the cells. The numbers of fluorescent events were quantified. Data are representative of two independent experiments. The white bar on the images represents 100 m. We then determined whether the antibodies prevented the interaction of the chemokine with GAGs. Using an ELISA format, we observed that when heparin was added onto immobilized mCXCL10-h1F11 or mCXCL10-1A4 complexes, the polysaccharide bound only weakly to mCXCL10, indicating that h1F11 and 1A4 preclude the association between mCXCL10 and GAGs (Fig. 3A) . On the contrary, the mCXCL10-h1B6 complexes demonstrated a strong binding to heparin, strengthening the concept of simultaneous interaction of mCXCL10 with h1B6 and GAGs. As a control, using biotinylated chemokine we checked that the chemo-kine was still present on the plate after incubation with heparin, confirming that mCXCL10 was not released from the antibody-antigen complexes following the addition of heparin (data not shown).
To confirm these findings, the binding was then analyzed by BLI. A constant concentration of chemokine (30 nM) was incubated with increasing amounts of h1F11, and the complexes were loaded on heparan sulfate-coated biosensors. Under these conditions, a clear decrease in the maximum response was observed with increasing h1F11 concentrations, demonstrating that the binding of h1F11 to mCXCL10 inhibits the interaction of the chemokine with heparan sulfate ( Fig. 3B ). This phenomenon was not observed with h1B6 (data not shown).
Pharmacokinetic Properties of Anti-mCXCL10 Antibodies-Having established that the mAbs differed in their ability to recognize GAG-bound mCXCL10, we studied the in vivo behavior of 1B6 and 1F11. First, a single-dose pharmacokinetic (PK) analysis was performed in mice to determine the elimination kinetic profile. Three doses of each antibody were used (i.e. 1, 5, and 25 mg/kg), and the amount of free mAb in the serum was quantified by ELISA. 1F11 demonstrated a linear PK profile with a half-life of 12 days. In contrast, 1B6 rapidly disappeared from the circulation and displayed a non-linear PK profile, and clearance was dependent on the dose administered ( Fig. 4A and Table 2 ).
To evaluate whether the difference in the PK profiles of 1B6 and 1F11 was due to the different isotypes, we carried out a single-dose PK study with the antibodies reformatted onto a human IgG 1 Fc (h1B6 and h1F11 as well as 1A4) and injected either 1 or 10 mg/kg intravenously into wild type (WT) mice. The results were similar to those obtained in the first experiment, i.e. h1F11 demonstrated a dose-proportional PK profile, whereas h1B6 was rapidly cleared ( Fig. 4B and Table 3 ). To determine whether the rapid disappearance of h1B6 was due to target-mediated clearance, a PK study was performed in CXCL10-deficient mice by injecting each antibody (1 mg/kg) intravenously. The PK profiles of h1F11 in the wild type and knock-out mice were equivalent. However, distinct profiles were observed in WT versus chemokine-deficient mice with h1B6 ( Fig. 4C ). These results confirmed that the rapid elimination of h1B6 seen in WT mice was due to binding of the antibody to its target, i.e. CXCL10. As anticipated, 1A4 demonstrated a linear PK profile and a half-life comparable with h1F11 in WT mice, correlating with its lack of interaction with GAGbound mCXCL10 ( Table 2) .
It is currently thought that considerably larger amounts of chemokines are present immobilized on endothelial surfaces than in the circulation (14) . To confirm this hypothesis for CXCL10, we administrated heparin to naive mice, as free sulfated glycans compete with endogenous GAGs leading to the release of chemokines immobilized on GAGs (37) . The level of released chemokine could then be measured in the circulation. Indeed, a massive increase (200-fold) of mCXCL10 was rapidly observed (i.e. within 15 min) after heparin administration ( Fig.  5 ). A similar mobilization was also observed for CXCL9 (data not shown). This result demonstrates that a significant amount of chemokine is sequestered on GAGs even under steady state conditions.
In Vivo Activity of anti-mCXCl10 Antibodies in Murine Models-We had tested 1B6 previously at various doses in murine models of delayed-type hypersensitivity, arthritis, liver fibrosis, and colitis and did not observe significant anti-inflam- , was injected intravenously, and the concentration of free antibody in plasma was determined by ELISA at the indicated time points. Humanized antibodies were also tested in a similar way in C57BL/6 CXCL10 knock-out mice (C). The lower limit of quantification (LLOQ) is indicated in red on each graph. For each experiment, n ϭ 3 or 4 for each time point. matory activity (data not shown). In contrast, 1F11 has been reported to ameliorate inflammation in several models of disease (29, 30, 30 -33) . We, thus, performed a comparison of these two mAbs as well as 1A4, using the CXCL10-dependent model of type 1 diabetes in RIP-LCMV mice. These transgenic mice express the glycoprotein of the lymphocytic choriomeningitis virus (LCMV) in ␤-cells of the islets of Langerhans driven by the rat insulin promoter (RIP). Infection with LCMV induces the infiltration of glycoprotein-specific T cells into the islets and thus an autoimmune response against ␤-cells resulting in symptoms that mimic type 1 diabetes in humans. The recently reported combination of anti-CD3 and anti-CXCL10 therapy was used, as it has been shown to be CXCL10-dependent (38) . The mice were infected with LCMV on day 0 and an anti-CD3 antigen-binding fragment (F(abЈ) 2 ) was administered on days 10, 11, and 12. This anti-CD3 treatment was followed by administrations of the anti-CXCL10 mAb (100 g/mouse, three times/week starting at day 13 until day 28). Blood glucose levels were monitored, and mice were considered diabetic if the level rose above 300 mg/dl. Mice that were diabetic at day 15 were monitored until day 112 to determine the percentage of animals with blood glucose levels remaining stably below 300 mg/dl, reflecting control of the disease (Fig. 6 ). Important fluctuations in glucose levels were observed generally ( Fig. 6, F-J) ; however groups treated with anti-CD3 mAb fragments in combination with h1F11 or 1A4 showed a consistent control of these fluctuation in a majority of the animals after days 60 and 35, respectively (Fig. 6, I and J) . When comparing the various treatment groups, the combination of anti-CD3 with either 1F11 or 1A4 with anti-CD3 therapy was the most effective in reducing the percentage of diabetic mice (Fig. 6, D-E) . In contrast, the addition of h1B6 to the anti-CD3 treatment brought no benefit over anti-CD3 treatment alone, and fluctuations in glucose levels continued in a majority of the animals (Fig. 6, C  and H) . Taken together, these results demonstrate that a CXCL10-driven disease is much better controlled using a mAb that has the features of antibodies such as 1F11 and 1A4 rather than 1B6.
Discussion
Despite intensive efforts, therapeutic targeting in the chemokine field for anti-inflammatory therapies has not yet met with much success. Several hypotheses to explain this low rate of success have been proposed (23, 26) . The majority of clinical strategies target the receptor, but there have been several trials conducted with antibodies targeting the ligand. Here, we characterized two anti-mCXCL10 mAbs, 1B6 and 1F11, displaying similar in vitro inhibitory activities but showing significantly different in vivo efficacy in different models. We therefore thought to analyze the mode of action of these two antibodies to improve our comprehension of chemokine inhibition in order to define the characteristics that are essential for the activity of anti-chemokine antibodies in vivo.
Surprisingly, and contrary to conventional thinking, the antibody displaying the lower potency in in vitro chemotaxis assays, 1F11, was the more efficient in vivo, whereas the subnanomolar inhibitor, 1B6, was almost ineffective. Looking at the in vivo data obtained with the original rat and hamster antibodies, two hypotheses were advanced to explain the different behaviors of 1B6 and 1F11. First, the considerably longer half-life of 1F11 could have been due to the difference in antibody backbone, i.e. 1B6 being a rat antibody and 1F11 a hamster antibody. In this case, the extended half-life of 1F11 would be the only explanation justifying its increased efficiency in vivo. Second, 1B6, but not 1F11, could be subject to target-mediated drug disposition (TMDD), meaning that the interaction with mCXCL10 accelerates its clearance.
The first hypothesis can be ruled out by comparing the reformatted antibodies that comprise the variable domains of 1B6 or 1F11 linked to the constant domains of human IgG 1 . These chimeric antibodies displayed PK properties similar to those of the original mAbs. Moreover, analysis of PK profiles in CXCL10 knock-out mice demonstrated that the rapid disappearance of 1B6 from circulation was due exclusively to its interaction with the chemokine rather than to backbone-driven effects, supporting the hypothesis that 1B6 is prone to TMDD, whereas 1F11 is not.
For this second hypothesis to be valid, the interactions of 1B6 and 1F11 with CXCL10 should not be equivalent. This is indeed true, as 1B6 recognized the chemokine when it was displayed on GAG, whereas 1F11 did not. Moreover, 1F11 prevented the binding of CXCL10 to GAGs, which was not the case for 1B6. Epitope mapping studies confirmed these results and revealed that 1B6 and 1F11 binding sites partially overlapped but were not equivalent (data not shown). Interestingly, TMDD is usually observed with antibodies that recognize membrane proteins (39) . In a sense, this was also the case here, as 1B6 recognized the "membrane-bound" form of CXCL10, i.e. the GAG-bound chemokine present on endothelial cell surfaces, whereas 1F11 only bound to soluble chemokine.
The difference in the behavior of 1B6 and 1F11 may teach us important concepts of chemokine biology in vivo. The interaction between chemokine and GAGs was shown to be essential for chemokine in vivo activity by using mutants with abrogated GAG-binding properties, which were inactive in a peritoneal recruitment assay (2) . In addition, the interaction with GAGs 
Revealing the Mode of Action of Anti-CXCL10 Antibodies
has been demonstrated to mediate chemokine oligomerization on the endothelial surface (5) . These results reinforce the concept of haptotaxis proposed previously by Rot (40) that led to the hypothesis that the chemokine gradient may be immobilized on the GAG surface, with the oligomerization of the chemokines increasing their local concentration on GAGs. When the receptor and GAG binding sites overlap partially or entirely, a monomer would be unable to interact with both simultaneously. However, when the chemokine is oligomerized on GAGs, binding to the receptor would be feasible (41) , but this three-way interaction has never been formally demonstrated. Recently, direct evidence for the chemokine gradient was provided in an elegant study where endogenous gradients of CCL21 immobilized on heparan sulfate were visualized within the ear dermis; the CCL21 signal peaked on lymphatic vessel walls and decreased with increasing distance from the vessel. Dendritic cells, expressing the CCL21 receptor CCR7, were able to locally detect CCL21 concentration differences and migrated to nearby lymphatic vessels in a directed manner (42) .
The results obtained with 1F11 were confirmed with the subsequently created anti-mCXCL10 1A4 mAb, an antibody with properties similar to 1F11, as it does not recognize the GAGbound form of CXCL10 and does not display an altered pharmacokinetic profile in WT mice. However, 1A4 is more potent in vitro than 1F11 and shows the highest anti-inflammatory properties in vivo, suggesting that high potency and inability to bind to chemokine in the context of GAGs represent superior characteristics to achieve therapeutic effect. The results obtained with this second antibody support the hypothesis that the active, receptor-binding form of CXCL10 is the soluble protein rather than the GAG-displayed chemokine.
Thus, the differences in in vivo activity observed between these two types of antibodies can be explained as follows. Upon administration, 1B6 binds to both GAG-bound and soluble CXCL10. As the amount of chemokine displayed on the endothelial surface is greater than that of free CXCL10, the vast majority of 1B6 rapidly binds to surface-bound CXCL10 and is therefore not detectable in the circulation, resulting in poor pharmacokinetic properties. It is thought that chemokines have a rapid turnover and high synthesis rates; therefore it may be almost impossible to saturate the system even with high doses of an antibody with this type of characteristic. An antibody recognizing GAG-bound chemokines, such as 1B6, will be depleted from the circulation thereby preventing it from inhibiting soluble chemokines released from the endothelial surface effectively. The activity of these chemokines is therefore not inhibited and cell migration occurs. Interestingly, CXCL10 has been reported to be rapidly internalized in vitro following binding to endothelial cells via receptor-independent clathrin-mediated mechanisms (43, 44) . If this is also the case in vivo, 1B6 might be concomitantly internalized and degraded, contribut-ing to its rapid clearance. Furthermore, if the GAG-bound 1B6chemokine complexes are released from the endothelial surface into the circulation, this may lead to the formation of large immune complexes rapidly cleared by phagocytosis, also contributing to the short half-life of 1B6 in circulation.
The case of 1F11 is significantly different. Following administration, 1F11 only binds to the soluble chemokine fraction because 1F11 does not recognize the chemokine displayed on GAGs, and therefore saturation of the antibody will not occur, its half-life is longer, and its pharmacokinetic properties are adequate for clinical settings. During inflammation, active chemokines are released from GAGs but there are sufficient unbound 1F11 molecules available to compete with the binding of free chemokines to their receptor, thereby reducing the number of cells migrating toward the inflamed site and improving the disease.
Based on in vitro data, another possible mode of action of 1F11 would be the inhibition of the binding of chemokine to GAGs. Once they are produced in the tissue, chemokines are thought to be transcytosed from the basal to the apical side of the endothelium. By binding the chemokine in the tissue before its binding to GAGs, 1F11 can prevent the formation of the gradient. However, if this mechanism was the principle mode of action of 1F11, the number of CXCL10 molecules bound by 1F11 would ultimately be very large and the plasma concentration of the free antibody should rapidly decrease, which is not the case (Fig. 4) . We therefore assume that this phenomenon may occur in vivo but is probably marginal due to the low penetrance of mAbs into tissues (the concentration of antibodies in tissues is estimated to be ϳ10-fold lower than that in the blood (45) ). However, the fact that 1F11 inhibits binding to GAGs would prevent the CXCL10 that has been released into solution to rebind to the endothelial surface.
Although data obtained from experiments in mice should be extrapolated with caution, especially in the case of the chemokine system (46, 47) , our results demonstrate that therapeutic targeting of chemokines with antibodies recognizing the chemokine immobilized on GAGs may not be an optimal strategy. Even if the development of such antibodies has been proposed as a solution to the failure of anti-chemokine mAbs in clinical trials, the recognition of GAG-bound chemokine appears to have an enormous impact on the half-life of the monoclonal antibody in the circulation. This may be particularly problematic for abundant chemokines such as CXCL10, CCL2, and CCL5. Care should therefore be taken in the selection of antibody candidates to ensure that they have the optimal characteristics for activity in vivo to prevent inflammation. Lastly, this study highlights the complexity of chemokine biology in vivo and warrants further studies in animal models of human inflammatory diseases using these antibodies. FIGURE 6 . Type 1 diabetes model in RIP-LCMV mice and treatment with anti-CXCL10 antibodies. Mice were infected by LCMV at day 0. When indicated, mice were treated with 3 g/mouse anti-CD3 F(abЈ) 2 at days 10, 11, and 12 and with 100 g/mouse anti-CXCL10 IgG (1F11, h1F11, h1B6, or 1A4) from day 13 to day 28. Blood glucose levels were measured throughout the study. A-E, glucose levels for individual animals are represented, with each line corresponding to one animal. The number of animals per group is indicated in the title of each graph. A, isotype control; B, anti-CD3; C, anti-CD3 and 1B6; D, anti-CD3 and 1F11; E, anti-CD3 and 1A4. F, diabetes incidence curves are shown for all treatment groups. G-J, comparison of individual treatment groups with the isotype control group.
Experimental Procedures
Materials-Chemokines were produced using standard protocols for the expression and purification of native mCXCL10 (48) and the method described elsewhere for the production of mCXCL10-NusA fusion (49) . Oligonucleotides were synthesized by Eurofins MWG Operon (Ebersberg, Germany), and sequencing was performed by Fasteris (Geneva, Switzerland). The 1F11 hybridoma was produced as described previously (28) . 1B6 was produced by immunizing rats with mouse CXCL10 and cells from the draining lymph nodes fused to the SP2/0 cell line to generate the hybridoma. 1B6 was shown to be specific for mCXCL10 (supplemental Fig. S1 ).
Reformatting and Expression of 1B6 and 1F11 as Human IgG 1 -The variable domain sequences of 1B6 and 1F11 were obtained from RNA isolated from hybridoma cells using the RNeasy Plus mini kit (Qiagen). Cells were homogenized initially on a QIAshredder homogenizer (Qiagen), and RNA was subsequently extracted according to the manufacturer's instructions. Different strategies were then applied for the isolation of the 1B6 and 1F11 sequences.
1B6 cDNA was prepared from previously isolated RNA using ThermoScript reverse transcriptase (Life Technologies) and amplified by PCR using a mouse IgG library primer set (Progen, Heidelberg, Germany). Variable heavy or light chain primers were used in combination with a constant region reverse IgG primer, and PCR products were loaded on a 1% agarose EX-Gel (Life Technologies). Reactions leading to the presence of a fragment around 300 -400 bp were purified and used for further steps. A poly-A tail was then added to each fragment isolated from the PCR by the use of the NEBNext dA-tailing module (New England Biolabs), and the DNA fragments were cloned into a plasmid vector for sequencing using the TOPO TA cloning kit (Life Technologies). Following transformation into TOP10 Escherichia coli bacteria (Life Technologies), the DNA was amplified with the QIAPrep spin miniprep kit (Qiagen) and sequenced externally.
As we did not expect the mouse library primer set to crossreact with hamster sequences, a different strategy was chosen for the isolation of 1F11 sequences. cDNA was prepared from isolated RNA using the SMARTer RACE (rapid amplification of cDNA ends) kit (Clontech, Saint-Germain-en-Laye, France) according to the manufacturer's instructions. The same kit was used to perform a 5Ј-RACE. Primers specific for hamster heavy chain (CTT GTC CAC CTT GGT GCT GCT GG), chain (CAT TCC TGT TCA GGG TCT TGA CAA TG), or chain (GCT CTT CTC CAC AGT TTC CCC TTC ATG GGT AAC TTG GCA GGA AAC C) were used to amplify the variable domain sequences. The protocol described for 1B6 was then followed to add a poly-A tail and to clone the DNA into sequencing plasmid vector.
Once the VH and VL sequences of both antibodies were identified, they were subcloned into a vector containing the constant domains of human IgG 1 . Antibodies were expressed in PEAK TM cells and purified as described previously (36) to obtain the reformatted h1B6 and h1F11 mAbs.
Determination of Binding and Inhibitory Properties of h1B6 and h1F11-The affinities of h1B6 and h1F11 for mCXCL10 were determined by BLI binding experiments performed on the Octet RED96 system (ForteBio, Portsmouth, United Kingdom). Antibodies diluted to 2.5 g/ml in kinetics buffer (KB) (PBS containing 0.1% bovine serum albumin, 0.02% Tween 20, and 0.05% sodium azide) were loaded for 2 min on protein A biosensors. The baseline was then allowed to stabilize for 2 min, and biosensors were subsequently dipped into the chemokine solution. As a nonspecific interaction was observed between mCXCL10 and the Protein A biosensors, the NusA-tagged variant of mCXCL10 was used instead of the native chemokine. Chemokine concentrations of 46.2, 23.1, 11.5, 5.77, 2.89, 1.44, and 0.72 nM were used, and association was followed for 10 min. Dissociation was performed for 15 min in KB, and biosensors were then regenerated by three cycles of 5 s in 10 mM glycine, pH 1.7, followed by 5 s in KB. Data were analyzed using Octet software and a global fitting 1:1 model. The kinetic parameters were measured twice for each antibody.
To evaluate the ability of each antibody to inhibit mCXCL10 activity in vitro, chemotaxis assays were performed as described previously (36) . Briefly, mCXCL10 was used to induce the migration of murine pre-B L1.2 cells transfected with hCXCR3 in ChemoTx system chemotaxis plates with a pore size of 5 m (NeuroProbe Inc., Gaithersburg, MD). The cell migration induced by 5 nM mCXCL10, corresponding to the EC 80 , was inhibited by increasing concentrations of h1B6 or h1F11. Plates were incubated for 4 h at 37°C, and chemotaxis was evaluated by fluorometric microvolume assay technology.
Recognition of GAG-bound mCXCL10 -The ability of h1B6 and h1F11 to recognize GAG-bound mCXCL10 was assessed initially using heparin as the GAG in an ELISA-like format. Maxisorp plates (Nunc) were coated overnight with an antihuman Fc␥ (Jackson ImmunoResearch) and blocked on the following day with Dulbecco's phosphate-buffered saline (DPBS, Sigma-Aldrich) containing 3% bovine serum albumin. A dose response of antibodies was then captured onto the plate with incubation for 1 h. mCXCL10 at 5 nM was incubated with 55 nM fluorescein-tagged heparin (Life Technologies) to obtain chemokine-heparin complexes. These complexes were then added to the MicroWell plate. The plates were washed three times, and bound complexes detected with an HRP-coupled anti-fluorescein Fab (Roche Applied Science).
Binding of mAbs to heparan sulfate-displayed mCXCL10 was analyzed by BLI. Heparan sulfate sodium from bovine kidney (Sigma-Aldrich) was biotinylated by incubating EZ-link hydrazide-PEG 4 -biotin (Thermo Fisher Scientific) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC, GE Healthcare) with 1 mg of heparan sulfate in 200 l MES buffer (Thermo Fisher Scientific) to final concentrations of 1.25 and 6.5 mM, respectively. The solution was incubated overnight at room temperature, and the excess biotin was removed by centrifugation using a 3K centrifugal filter device (Merck Millipore). For the BLI assay, biotinylated heparan sulfate diluted to2 g/ml in 200 l of KB was loaded for 2 min onto streptavidin biosensors. The biosensors were then successively dipped into 100 nM mCXCL10 (association, 5 min), KB (dissociation, 7 min), 1 g/ml antibody (association, 5 min), and finally KB (dissociation, 8 min). Biosensors coated with an irrelevant biotinylated protein were used to assess nonspecific interactions.
Finally, we investigated whether h1B6 and h1F11 recognized the mCXCL10 displayed on the surface of endothelial cells. HUVEC (Lonza) were kept in culture in EGM-2 medium supplemented with hEGF, VEGF, hFGF-B, R 3 -IGF, and heparin (all from Lonza) according to the manufacturer's instructions until passage 8. Cells were split at 80 -90% confluence (every 7-8 days) and seeded at 8000 cells/cm 2 . Two days before the experiment, confluent cells were seeded at 20,000 cells/well in black 96-well plates with transparent flat bottoms. On the day of the experiment, cells were washed twice with DPBS and then incubated at 4°C for 1 h with 100 nM mCXCL10. The chemokine solution was discarded, and cells were again washed twice with DPBS. A solution containing the antibody to test (final concentration 5 nM) and the detection antibody, an Alexa Fluor 647tagged anti-human Fc␥ Fab (Jackson ImmunoResearch), was then added on the cells. Cells were incubated for 1 h at 4°C, and the signals in the plates were read and quantified by fluorometric microvolume assay technology (FMAT) on an Applied Biosystems 8200 cellular detection system.
Inhibition of mCXCL10 Binding to GAGs-The ELISA-like assay described above used to determine whether h1B6, h1F11, and 1A4 recognize heparin-bound mCXCL10 was modified slightly to investigate whether the two mAbs are able to inhibit the binding of mCXCL10 to heparin. Antibodies (10 g/ml) were coated onto the plate and blocked as described above before incubation with 50 nM mCXCL10for one hour. Following three washes with PBS containing 0.05% Tween-20, fluorescein-tagged heparin was added into the wells and binding was detected as described above. To ensure that mCXCL10 did not detach from the antibody in presence of heparin, the assay was also performed with biotinylated mCXCL10 which was detected with an HRP-coupled streptavidin (Jackson ImmunoResearch).
The ability of h1B6 and h1F11 to inhibit the binding of mCXCL10 to heparan sulfate was determined by BLI. Biotinylated heparan sulfate was loaded onto streptavidin biosensors as described above. Two hundred microliters of KB containing 30 nM mCXCL10 was preincubated for 30 min with increasing concentrations of antibody (50 -0.2 g/ml) before its addition into the BLI microplate. Biosensors were then dipped into the chemokine/antibody solution. Association and dissociation were followed for 12 min, and biosensors were regenerated by three cycles of 10 s in 5 M NaCl followed by 10 s in KB. Control experiments were also performed to ensure that the chemokine bound to the heparan sulfate biosensors and that the antibodies did not.
Analysis of Pharmacokinetic Profiles-The PK profiles of 1B6 and 1F11 were determined by single-dose PK studies. C75BL/6 female mice were injected intravenously with 1, 5, or 25 mg/kg antibody (1B6 and 1F11) or with 1 or 10 mg/kg antibody (h1B6, h1F11, and 1A4) (n ϭ 3-4 for each group). Throughout the study, the mice were monitored for signs of pain or distress. Blood samples were taken at 0.25, 6, 24 h and 2, 3, 4, 7, 10, 14, and 21 days. To reduce the number of mice used, each animal was bled twice; submandibular samples were obtained initially under anesthesia, and at least 4 days later intracardiac samples were taken under terminal anesthesia prior to sacrifice. The PK properties in CXCL10 knock-out (50) and wild type C57BL/6 mice were also compared to assess CXCL10 influence on the mAb PK profile. Mice were injected intravenously with 1 mg/kg h1B6 or h1F11 (n ϭ 5), and blood samples were taken at 2 and 24 h and at 2, 4, 6, 8, and 10 days.
Plasma samples were prepared and analyzed using two ELISAs. Total IgG levels were determined using a human IgG FastELISA kit (RD Biotech, Besançon, France). The levels of free or semi-occupied IgG were measured using an analytical ELISA developed in our laboratory. Plasma samples were added on biotinylated mCXCL10 (Almac, Craigavon, United Kingdom) captured beforehand on streptavidin microplates (Greiner Bio-One). Bound IgG were detected using a HRP-coupled anti-human Fc␥ IgG (Jackson ImmunoResearch).
The pharmacokinetic analyses were conducted using a pharmacokinetic software package (WinNonlin Professional, version 6.3, Pharsight Corp., Mountain View, CA). The apparent terminal elimination half-life (t1 ⁄ 2 ) and the total serum clearance were determined from the mean serum concentration-time data of each antibody using non-compartmental procedures. The elimination rate constant ( z ) was calculated by least squares linear regression of the terminal portion of the logtransformed serum concentration-time curve, and t1 ⁄ 2 was calculated according to the following formula. The area under the curve (AUC 0 Ϫ last ) was calculated using the linear/log trapezoidal rule. The total serum clearance (CL) was calculated using the following formula. In Vivo Mobilization of GAG-bound CXCL10 -To release CXCL10 immobilized on GAGs, naive C57BL/6 mice were injected intravenously with 1.25 mg of heparin (Sigma-Aldrich). Blood was obtained from the retro-orbital plexus before heparin injection and at 15, 30, 60, and 240 min after injection (four separate mice were used for each time point). Plasma CXCL10 concentration was determined by multiplex ELISA (R&D Systems).
LCMV Model-The RIP-LCMV glycoprotein model of diabetes and the combi-therapy with anti-CD3/anti-CXCL10 has been described recently (38) . Briefly, diabetes was induced at day 0 by LCMV infection using LCMV Armstrong clone 53b (51) . Anti-murine CD3e antibody (F(abЈ) 2 fragment) clone 145-2C11 was obtained from Bio X Cell (West Lebanon, NH) and administrated intravenously at days 10, 11, and 12 (3 g/mouse). Anti-CXCL10 treatment was performed intraperitoneally three times a week with 100 g/mouse from days 13 to 28. Blood samples were taken from the tail vein and analyzed with a dynaValeo glucometer (dynamiCARE, Pfäffikon, Switzerland). Animals with blood glucose levels Ͼ 300 mg/dl were considered diabetic (13) . In a minority of the mice, the infection was not successful, and the blood glucose levels never exceeded 300 mg/dl. These mice were therefore excluded from the analysis.
All animal studies were approved by the Geneva Cantonal Office for Veterinary Affairs, Switzerland (PK experiments in wild type mice) or by the local Ethics Animal Review Board of Darmstadt (PK experiments in CXCL10 knock-out mice, LCMV model).
Statistical Analysis-Diabetes incidence curves were analyzed using the Mantel-Cox log-rank test. The inhibition of heparin binding to mCXCL10 immobilized on antibodies was analyzed using the two-way analysis of variance test.
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